Cost-effectiveness analysis of water-saving irrigation technologies based on climate change response: A case study of China  by Zou, Xiaoxia et al.
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This  study  provides  a cost-effectiveness  analysis  of four water-saving  irrigation  techniques  that  are  widely
implemented  in  China  to address  the  impacts  of climate  change:  sprinkler  irrigation,  micro-irrigation,
low-pressure  pipe  irrigation  and  channel  lining.  The  aim  is  to thoroughly  understand  the economic
feasibility  of water-saving  irrigation  as  an  approach  to  coping  with  climate  change.  Based  on the  cost-
effectiveness  analysis,  this  study  ﬁnds  that  water-saving  irrigation  is  cost-effective  in  coping  with  climate
change,  and  has beneﬁts  for climate  change  mitigation  and  adaptation,  and for sustainable  economic
development.  For  the  cost-effectiveness  ratio  of  mitigation  and adaptation,  only  that  of channel  lining  is
negative  (for  mitigation  is  −43.02  to −73.41  US$/t, for grain  yield  increase  −34.35  to  −20.13 US$/t,  and
for  water  saving  −0.020  to −0.012  US$/m3).  Sprinkler  irrigation  has  the  highest  incremental  cost  for  mit-
igation  (476.03–691.64  US$/t),  because  when  sprinkler  irrigation  is used,  there  may  be  additional  energy
needs  to meet  water  pressure  requirements,  which  may  increase  greenhouse  gas  emissions  compared  to
traditional  irrigation.  For  mitigation,  in districts  where  the  pumping  head  for pressure  is lower  than  the
critical  energy  saving  head,  sprinkler  irrigation  should  be avoided.  Micro-irrigation  has  the  highest  incre-
mental  cost  for adaptation  followed  by  sprinkler  irrigation  and low-pressure  pipe  irrigation,  but when
considering  the revenues  from  improved  adaptation,  all  of the  measures  assessed  are  economically  fea-
sible.  The  results  suggest  that  for mitigation  and adaptation  objectives,  micro-irrigation  performs  best.
From  an  economic  perspective,  channel  lining  is  recommended.  Therefore,  a  balanced  development  of
-irrig
 channel  lining  and micro
. Introduction
Agriculture is one of the most vulnerable sectors to climate
hange (IPCC, 2007a). Water resources are essential to agriculture,
ut over the last 50 years, some parts of China (Figs. 1 and 2),
ncluding major grain producing areas, have experienced declining
recipitation (Ren et al., 2005). In recent decades, an annual average
f 12.64 million ha of farmland has been affected by drought, with
n average disaster rate (i.e., the percentage of the total drought
ffected area that suffers disastrous loss) of 56.71%. In 2008, the
rain loss caused by drought was about 16 million tons and ﬁnan-
ial losses were about 23 million Chinese yuan (CNY) (MWR, 2011).
n addition, increasing demand for water from urban and industrial
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sectors places greater pressure on agricultural water use (Fedoroff
et al., 2010). Previous studies have indicated that water-saving
irrigation (WSI) contributes to water saving and also to the reduc-
tion of greenhouse gas emissions, which can ease the negative
effects of climate change on agricultural production (Zou et al.,
2012; Karimi et al., 2012). However, the cost and effectiveness of
using WSI  to cope with climate change remains unknown. To date,
there have been limited comparisons with other adaptation and
mitigation measures to inform identiﬁcation of adaptation and mit-
igation strategies. A clear picture of the cost-effectiveness of WSI
techniques in coping with climate change can also support iden-
tiﬁcation of balanced responses to climate change and sustainable
economic development.
Cost-effectiveness analysis (CEA) is a decision-making assis-
tance tool that compares alternatives to achieve a goal with regard
to their resource utilization (cost) and outcomes (effectiveness)
(Bambha and Kim, 2004). CEA can be used to ﬁnd the least cost
Open access under CC BY license.means to achieve a goal, or to estimate the expected costs of achiev-
ing a particular outcome (Tietenberg and Lewis, 2011). It can also
be used to compare the impacts and cost of various alternative
means of achieving the same objective (Dhaliwal et al., 2012). The
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fFig. 1. Tendency of annual precipitation
esult of a CEA is expressed in a ratio (cost-effectiveness ratio, CER)
etween cost and outcome (Johannesson, 1995). CEA has been used
or estimating the cost of mitigation in the electricity sector (Sims
t al., 2003), and in dairy farms (Vellinga et al., 2011), buildings
Hoogwijk et al., 2010), agriculture (Wassmann and Pathak, 2007),
ransport (Metz et al., 2001) and the service sector (Hoogwijk et al.,
010). Despite this large body of literature, there are no speciﬁc
tudies addressing the cost-effectiveness of WSI  for climate change
daptation and mitigation.
Compared  to traditional irrigation practices, WSI  techniques
equire higher capital investment. Revenue is a major driver for
armers who pursue agricultural production (Muhammad et al.,
Fig. 2. Average drought grades and linear trend of four representatina from 1956 to 2002 (Ren et al., 2005).
2007).  Therefore, the cost and effectiveness are very important fac-
tors relevant to the willingness of farmers to adopt WSI  (Tiwari
and Dinar, 2000). In the context of climate change, sustainable
development, mitigation and adaptation are integral parts of the
response to climate change. For developing countries, mitigation is
a  long-term and arduous challenge, while adaptation is a present
and urgent task. With global greenhouse gas concentrations rising,
a successful response to climate change is a concern faced by the
whole world (IPCC, 2007a,b).
In  order to elucidate the relationships between the costs and
effectiveness of WSI  in the context of climate change adapta-
tion and mitigation, CEA was applied to the four most widely
ive stations in China from 1956 to 2006 (Yang and Li, 2008).
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mplemented WSI  techniques in China: sprinkler irrigation (SI),
icro-irrigation (MI), low-pressure pipe irrigation (LI) and chan-
el lining (CI). On the basis of CEA, recommendations are made for
ddressing development needs while contributing to an effective
limate change response and sustainable development.
. Methods
Neuhauser and Lweicki (1975) carried out a CEA providing its
esults as an average cost-effectiveness ratio (CER). Following this
ethod, in this paper the cost and effectiveness of mitigation and
daptation of each WSI  technique are compared with a baseline
cenario in which traditional irrigation is employed. The method-
logical steps are summarized in Fig. 3. Evaluation indicators and
alculation methods are described in Section 2.1, and data sources
nd processing methods are explained in Section 2.2.
.1.  Evaluation indicators and calculation methods
.1.1. Deﬁnition of evaluation indicators
All the calculations in this paper are based on a non-gravity irri-
ated area. In gravity irrigated areas, no energy is consumed in
ater pumping, so there are no greenhouse gas (GHG) emissions,
nd no need to calculate the cost effectiveness of GHG mitigation.
Baseline  scenario: The baseline scenario is described in terms of
he energy consumed and CO2 emitted by irrigation machinery per
nit area (ha) of irrigated farmland, and by the water consumption
nd grain yield per unit of irrigated farmland (ha) when traditional
rrigation is adopted.
Cost  structure: Data on production cost that are not modiﬁed
y other agricultural production conditions which have nothing to
o with irrigation were collected. In comparison with the base-
ine scenario, the cost structure of WSI  consists of: annual average
nitial equipment investment (I), annual average equipment oper-
tion and maintenance investment (OM), annual reduced water
ees (SW) and energy fees (SE) of WSI  techniques compared with
raditional irrigation.
Measure  of mitigation effectiveness: The adoption of WSI  con-
ributes to CO2 emission reduction in the Chinese agricultural
ector due to the pumping energy saved when groundwater or non-
ravity conveyed water is saved (Ma et al., 2006; Li and Fu, 1998;
ang et al., 2006; Zou et al., 2012).
Cost-effectiveness of mitigation: The cost needed to reduce each
nit of greenhouse gas emission. In this paper, this refers to the
Cost
CO2 Emission
Reduction
CER of
Mitigation
Cost Effectiveness Analysis 
Initial
Equipment
Investment
Energy
Saving
Fees
Water
Saving
Fees
Total Cost
Mitigation
Fig. 3. Methodological steps for canagement 129 (2013) 9– 20 11
additional  costs due to adoption of WSI  of reducing one ton of
CO2 emission below the emissions in the baseline scenario. Cost-
effectiveness is expressed as a ratio of costs to effectiveness (CER)
(unit: US$/tCO2).
Measures  of adaptation effectiveness: The adoption of WSI
enables farmers to reduce the adverse effects of climate change
in two  main ways. First, research shows that adoption of WSI
increases crop yields per unit area (ha) (Chai, 2000; Chen et al.,
2009; Guo et al., 2004; Hou et al., 2007; Wang, 2010). Second,
reduced requirements for water use per unit area (ha) make agri-
cultural production more resilient to drought (Loë et al., 2001;
Tuong et al., 2005; Belder et al., 2005; Kato et al., 2009). Both these
beneﬁts of WSI  reduce ‘the vulnerability of agriculture to climate
change.
Cost-effectiveness of adaptation: The additional cost needed to
enhance adaptation quantitatively, expressed as a CER. The addi-
tional cost of increasing each ton of grain yield (unit: US$/t) and
the additional cost of reducing each cubic meter of water (unit:
US$/m3) are estimated by comparing costs and effects in the base-
line and WSI  scenario.
2.1.2.  Calculation methods
(1)  Formula for calculating investments:
Cj = Ij + OMj − SEj − SWj (1)
where C, annual total cost of WSI  technique for irrigating
per unit area of farmland compared to traditional irrigation
(US$  ha−1 yr−1); I, average initial cost of installing water-saving
devices per unit area (US$ ha−1 yr−1); OM,  annual operation
and maintenance costs per unit area of water-saving devices
(US$  ha−1 yr−1); SE, annual average energy fees saved by
WSI  techniques per unit area in comparison with traditional
irrigation (US$ ha−1 yr−1); SW,  annual average water fees saved
per  unit area by WSI  technique in comparison with traditional
irrigation (US$ ha−1 yr−1); j, index for WSI  technique.
(2) Formula for CEA of GHG mitigation:
CERmj =
Cj
Emj
(2)where CERm, cost-effectiveness ratio of mitigation (US$/tCO2);
Em, annual average CO2 emission reduction per unit area of
farmland irrigated by WSI  technique in comparison with tra-
ditional  irrigation (t ha−1 yr−1).
Grain Yield
Increase
(CEA)
CER of Grain
Yield Increase
Operation
and
Maintenance
Adaptation
Water Saving
CER of Water
Saving
ost-effectiveness analysis.
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Table 1
Initial costs of WSI  techniques (unit: US$/ha).
CI LI SI MI
Mean 586.44 581.42 1305.13 1975.82
Min  524.80 488.88 1172.15 1770.72
Max 648.07 673.96 1438.10 2180.91
F
c
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3) Formula for CEA of adaptation:
(i)  CEA of grain yield increase
CERgi =
Cj
Egj
(3)
where CERg, cost-effectiveness ratio of grain yield increase
(US$/t); Eg, annual average increase in grain yield per unit
area of farmland irrigated by WSI  technique (t ha−1 yr−1).
(ii)  CEA of reduced water consumption
CERwj =
Cj
Ewj
(4)
where CERw, cost-effectiveness ratio of water use reduc-
tion (US$/m3); Ew, annual average volume of reduced water
use per unit area of farmland irrigated by WSI  technique
(m3 ha−1 yr−1).
.2. Data sources and processing methods
Data on the initial equipment investment (I), mechanical life (i)
nd the rate of increased grain yield were taken from published
tudies (see below), and the average value of these data was used.
rain prices and exchange rates of CNY against US$ and Euro come
rom “China Statistical Yearbook” (NBSC, 2008, 2009, 2010). Energy
nd water prices come from National Development and Reform
ommission of China (NDRCC, 2009–2011).
The main uncertainty of the paper is the investment and price
ata. The paper is based on provincial data in all its calculations.
here could be differences in investment or price between different
egions within China. In order to reduce this uncertainty, efforts
ave been made to ensure that the data sources for investment,
rice and rates of grain yield increase covers regions at different
evels of economic development in China.
ig. 4. Distribution of data on WSI  initial investment costs in the published literatures. No
osts reported in each paper, and the triangle indicates the average of the range. A trian
quipment investment costs. The letters indicating each paper matches the coding of papNote: Min and Max  value are the lower and upper bounds, respectively, of the 95%
conﬁdence interval.
2.2.1. Statistics on initial investment in WSI  devices
Reliable published papers including reports of initial invest-
ment in WSI  techniques were identiﬁed (see Appendix A and
Fig. 4). The data identiﬁed covered both the more economi-
cally developed eastern region and the less developed western
region of China. The average cost reported in each case study was
adopted and converted into US$ (see Table 1) using an exchange
rate of 1 US$ = 7.12CNY, which is the average exchange rate over
2008–2010 (NBSC, 2008, 2009, 2010).
2.2.2. Mechanical life of WSI  devices and their operation and
maintenance costs
According  to published papers, the service life of MI  ranges
between 5 and 15 years (Wang and Wu,  2006; Dang et al., 2006;
Dong et al., 2000; Huang, 2001), SI between 10 and 20 years (Wang
and Wu,  2006; Zhang, 2006), LI between 10 and 15 years (Li, 1991)
and CI 15–30 years (Wu,  2000; Gao and Zhang, 2004; Meng, 2006).
In this paper, the following durations of service life are assumed:
MI is 10 years, SI is 15 years, LI is 12 years and CI is 20 years. By using
the service life data, the annual initial investment of WSI  technique
was obtained. Collected initial investment data covered a series of
years that from 1980s to present and the average of these data was
used, so the present value was ignored.
The average annual operation and maintenance cost of SI
accounts for about 5% of its initial equipment cost (Li and Wang,
tes: The vertical line bisecting data points indicates the range of initial investment
gle with no bisecting line indicates that the paper gave only one value for initial
ers in Appendix A.
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Table 2
Rate  of increase in grain yield due to adoption of WSI  techniques (unit: %).
CI LI SI MI
Mean 14.28 19.33 22.15 23.41
Min 10.53 17.66 18.95 21.35
Max 18.03 21.00 25.35 25.48Fig. 5. Provinces covered by
001; Wang and Gao, 2001), that of CI about 3% (Li and Fu, 1998),
I about 8% and LI about 5% (Wang and Wu,  2006). The average
alue of the initial equipment cost was used in the calculation of
peration and maintenance costs.
.2.3. Irrigation water and energy prices
In China, irrigation water prices vary from region to region. In
ome regions there are no water fees (SCNPC, 2002), while in some
ater conservancy project areas the water price is higher due to
igh operation and maintenance fees (SDPC, 2001). To quantify
ater prices, 12 irrigation districts located in Shaanxi, Xinjiang,
inghai, Shandong, Hunan, Sichuan, Heilongjiang, Hebei, Gansu,
ilin, Jiangxi and Beijing (Fig. 5) were surveyed, on the basis of which
.03 US$/m3 was taken as the water price for all calculations in this
aper.
The sources of the energy relevant to WSI  techniques are mainly
lectricity and diesel (Zou et al., 2012). At the end of 2010, the price
f diesel in China was approximately 980 US$/t (NDRCC, 2010). The
rice of electricity for irrigation was about 0.056 US$/kWh (NDRCC,
009–2011).
.2.4. Mitigation and adaptation effects of WSI  techniques
GHG mitigation effects of WSI  are mainly due to reduced CO2
missions from reduced energy use in water pumping. Water sav-
ngs may  be caused by reduced evapotranspiration, percolation,
unoff or by other factors. Irrespective of the speciﬁc cause of water
avings, the total volume of water saved is directly reﬂected in a
eduction in pumped water, which reduces water pumping energy
eeds and GHG emissions. We  previously quantiﬁed the mitiga-
ion effects of WSI  techniques compared to traditional irrigation
Zou et al., 2012), and in this paper we use the average data from
he evaluated period (2007–2009).
Regarding  adaptation effects, previous studies have reported
hat WSI  techniques can increase grain yield and reduce agricul-
ural water consumption (Belder et al., 2005; Kato et al., 2009;
ang, 2010). Data on reduced agricultural water consumption
erived from our previous study (Zou et al., 2012). In this paper, theNote: Min  and Max  value are the lower and upper bounds, respectively, of the 95%
conﬁdence interval.
rate of increase in grain yields for each WSI  technique compared
to traditional irrigation was reviewed by selecting data sources
reporting yields under conditions equivalent to those reported in
the papers reviewed on initial investment costs. All data on grain
yield increases derived from ﬁeld experiments comparing the net
increase in grain yield with WSI  techniques to yields under tra-
ditional irrigation methods (see Fig. 6, Table 2 and Appendix B).
Additional grain yield that might be achieved through reuse of the
saved water was  not considered in this analysis. Based on the three-
year average grain yield during 2007–2009, adaptation effects are
calculated according to formula (5).
G  = G ∗ R  (5)
where G, annual increased grain yield; G, three-year average grain
yield; R, annual rate of increase in grain yield.
The effects of WSI  techniques in climate change mitigation and
adaption are summarized in Table 3.
3. Results
3.1. Additional cost of WSI  techniques
The additional costs of adopting WSI  techniques, compared
with traditional irrigation, are shown in Table 4. Among the four
measures, only CI has a negative cost, i.e., compared to traditional
irrigation CI costs less. This is due to larger savings of energy and
water costs than the investment and maintenance fees under CI. In
14 X.  Zou et al. / Agricultural Water Management 129 (2013) 9– 20
Fig. 6. Distribution of data on rate of increase in grain yield in response to WSIs. Note: Graphical indications please refer to Fig. 4.
Table 3
Three-year average effects of WSI  techniques on mitigation and adaptation indicators.
Electricity saved
(kWh  ha−1 yr−1)
Diesel saved
(kg  ha−1 yr−1)
Emission reduction
(kg  ha−1 yr−1)
Water saved
(m3 ha−1 yr−1)
Grain  yield increased
(kg  ha−1 yr−1)
SI 169.93 −6.49 143.92 2169.63 1075.73
379.8
177.2
324.5
d
g
S
C
T
A
N
i
i
o
iMI  1362.33 15.98 1
LI  178.67 0.97
CI  281.56 15.14 escending order, the CER of MI  is greater than SI, which in turn is
reater than LI, and CI was found to have the lowest (negative) ratio.
tatistical tests indicate signiﬁcant (  ˛ = 0.05) differences between
ERs of each WSI  measure.
able 4
nnual average cost structure of WSI  techniques (unit: US$ ha−1 yr−1).
IE IW I OM C
SI Mean 3.16 65.09 87.01 65.26 84.02
Min 3.16 65.09 78.14 58.61 68.51
Max 3.16 65.09 95.87 71.91 99.54
MI Mean 91.95 75.72 197.58 158.07 187.98
Min 91.95 75.72 177.07 141.66 151.06
Max 91.95 75.72 218.09 174.47 224.89
LI Mean 10.96 42.24 48.45 29.07 24.32
Min 10.96 42.24 40.74 24.44 11.98
Max 10.96 42.24 56.16 33.70 36.66
CI Mean 30.60 35.20 29.32 17.59 −18.89
Min 30.60 35.20 26.24 15.74 −23.82
Max 30.60 35.20 32.40 19.44 −13.96
otes: IE, annual energy fee saved per ha by WSI  compared with traditional
rrigation;  IW,  annual water fee saved by WSI  per ha compared with traditional
rrigation;  I, annual initial cost per ha of installing WSI  devices; OM,  average annual
peration and maintenance cost of WSI  devices per ha; C, annual average total
ncremental  cost per ha of WSI.6 2524.05 1136.92
2  1408.11 938.77
3 1173.42 693.52
3.2. Cost-effectiveness analysis of WSI  techniques based on
climate  change mitigation and adaptation
The CERs of GHG mitigation for each WSI  technique, obtained
by Eq. (2), are given in Table 5. Of the four measures assessed, SI
has the highest GHG abatement cost, followed by LI, MI  and CI.
There are signiﬁcant (  ˛ = 0.05) differences between SI and LI, but
no signiﬁcant differences between MI  and SI. The CER of adaptation
for each WSI  technique, obtained by Eqs. (3) and (4), are given in
Table 6. MI  has the highest ratio on both of the adaptation effects
assessed, followed by SI, LI and CI. There are signiﬁcant (  ˛ = 0.05)
differences among MI,  SI and LI.
If the present grain price in China is considered, the average cost
of increasing each unit of grain yield of each WSI  technique is lower
than the value of the additional grain yield. That is to say, compared
to traditional irrigation, it is proﬁtable for farmers to increase grain
yields by adopting WSI  techniques.
Table 5
Costs-effectiveness ratio of greenhouse gas mitigation (US$/tCO2).
SI MI  LI CI
Mean 583.84 136.23 137.24 −58.22
Min  476.03 109.47 67.61 −73.41
Max 691.64 162.98 206.88 −43.02
X. Zou et al. / Agricultural Water M
Table  6
Costs-effectiveness ratios of adaptation.
SI MI  LI CI
For water saving (US$ m−3) Mean 0.039 0.074 0.017 −0.016
Min  0.032 0.060 0.009 −0.020
Max  0.046 0.089 0.026 −0.012
3
a
e
i
a
p
r
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f
s
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e
iFor grain yield increase (US$ t−1) Mean 78.11 165.34 25.91 −27.24
Min  63.68 132.87 12.76 −34.35
Max  92.53 197.80 39.06 −20.13
.3. Sensitivity analysis of the cost-effectiveness of mitigation and
daptation
There are sources of uncertainty in the selection of the param-
ters used in the analysis. In order to quantitatively analyze the
nﬂuence of parameters on the cost-effectiveness of adaptation
nd mitigation, uncertainty analysis was conducted. In the analysis,
arameter values were changed by 10%, 25% and 50%. The resulting
ates of change in the CER of mitigation and adaptation are shown
n Fig. 7.
The  CER of CI is most sensitive to change in the water price (WP),
ollowed by energy price (EP), I and OM.  The CER of LI is most sen-
itive to I, followed by WP,  OM and EP, and the sensitivity to WP
nd I are signiﬁcantly higher than that of EP. MI  is most sensitive
o I, followed by OM,  EP and WP,  and the sensitivity to I is signif-
cantly higher than sensitivity to the other parameters. SI is most
ensitive to I, followed by WP,  OM and EP, and sensitivity to I is
igniﬁcantly higher than sensitivity to the other parameters. With
he exception of CI, the cost effectiveness of WSI  techniques are
ostly inﬂuenced by initial equipment investment. Reducing initial
quipment investment costs therefore has the most signiﬁcant
mpact on the CER.
Fig. 7. Sensitivity of cost-effectiveneanagement 129 (2013) 9– 20 15
3.4. Mitigation and adaptation potentials of WSI  techniques
The  “National Water-Saving Irrigation Program” (MWR  PRC,
2008) proposes that by 2020, compared with a base year of 2005,
an additional 4.29 million ha will be equipped with SI, 1.30 million
ha with MI,  8.08 million ha with LI and 17.82 million ha with CI.
Statistical data from 2009 conﬁrms that the target for MI  has been
exceeded mainly due to the rapid deployment of MI  in Xinjiang
Autonomous Region. Assuming that MI  will not be further scaled
up in Xinjiang, it will be necessary for other provinces and regions
to increase the area under MI  by a total of 0.76 million ha by 2020.
The additional areas required for the other three WSI  measures
compared to 2009 are 3.87 million ha for SI, 6.51 million ha for LI
and 13.24 million ha for CI, respectively.
Assuming the current performance of WSI  techniques remains
unchanged, the mitigation and adaptation potentials that can be
achieved by 2020 are shown in Figs. 8 and 9. The annual average
total GHG mitigation potential of the four measures by 2020 is 7.06
MtCO2, while achievement of the targets in the national plan could
increase grain output by 20.32 Mt  per year and save 35.01 billion
m3 of water per year. Subtracting reduced energy and water costs
from the initial investment costs, a net investment of about US$
0.14–0.61 (0.38 on average) billion will be needed. Without taking
into consideration water and energy cost savings, the equipment
investment plus maintenance cost will be around US$ 1.75–2.22
(1.85 on average) billion from 2010 to 2020, or an annual average
cost of US$ 0.185 billion. Out of the four WSI  measures, CI con-
tributes most to the mitigation and adaptation potentials, while the
required investments in CI are lower than the investments required
for the other measures. However, CI is inferior to the other studied
WSI techniques in terms of per unit area mitigation and adapta-
tion effects. From the long-term perspective, it is recommended
ss ratios to costs parameters.
16 X.  Zou et al. / Agricultural Water M
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reports from Stern (2006), Oxfam (2007) and UNDP (2007) were
F
tFig. 8. Mitigation potential of WSI  techniques.
hat MI  is deployed in areas irrigated with groundwater or diverted
umped water, since in such situations MI  addresses both mitiga-
ion and adaptation objectives more effectively.
. Discussion
.1. Cost-effectiveness of mitigation and adaptation through WSI
echniques
There have been many studies on the cost-effectiveness of miti-
ation (Sims et al., 2003; Vellinga et al., 2011; Hoogwijk et al., 2010;
assmann and Pathak, 2007), but few studies evaluating the cost-
ffectiveness of adaptation measures. This is because assessing
he effectiveness of adaptation is inhibited by signiﬁcant uncer-
ainty in future climate trends, difﬁculties in determining criteria
or adaptation effectiveness, and difﬁculties in attributing speciﬁc
ausal factors. For WSI  techniques, many studies have focused on
ts effects on water saving and grain yields, both of which are
trongly affected by climate change (IPCC, 2007a,b). So in this
aper the effects of WSI  on reduced water consumption and grain
ield increases were taken as the criteria to evaluate the adapta-
ion effectiveness of WSI. Although the results of our study have
ome uncertainties (such as the investment costs of WSI  tech-
iques and prices for energy and irrigation water), data on grain
ield responses and water use derive from controlled farm exper-
ments in which there were no differences in management factors
ig. 9. Adaptation potential of WSI  techniques. Notes: In Figs. 8 and 9, each horizontal line
o is the mitigation/adaptation cost of the measure. The length of the horizontal line is thanagement 129 (2013) 9– 20
other  than the irrigation method. Data on these adaptation effects
is therefore likely to be robust.
In terms of the CER of mitigation, SI (583.84 US$/t) has the high-
est CER, followed by LI (137.24 US$/t), MI  (136.23 US$/t) and then
CI (−58.22 US$/t). Compared with a variety of published studies
(see Table 7), except for the estimated CER for CI, the costs per
ton CO2 of WSI  techniques estimated in this study are higher than
those reported in the literature. Bur it is worth noting that WSI
techniques are also effective in reducing water consumption and
increasing grain yield, so they can contribute to easing potential
food and water scarcity (Hanjra and Qureshi, 2010; Tejero et al.,
2011).
Estimation of the adaptation CER of WSI  techniques under cur-
rent climate conditions shows that MI  has the highest cost per
increased unit of grain yield and per unit of water saved, followed by
SI, LI and CI. If increased grain yield is sold at the current national
average grain price, the net cost of each WSI  technique is nega-
tive. Hence, when the income effects are considered, all the WSI
techniques are more proﬁtable than traditional irrigation. For the
development of WSI, it must be noted that although CI has the low-
est cost among all four measures, CI also has the lowest potential
per unit area of irrigated land to reduce water consumption and
increase grain yield. Although MI  has the highest cost, it also has
a high increase in grain yield and reduction in water resource use
(Romero et al., 2006a,b; Rajak et al., 2006; Yohannes and Tadesse,
1998). Choice of WSI  techniques in areas facing water resources
scarcity, should consider not only the cost but the multiple effects
of irrigation techniques.
4.2.  Cost of WSI  techniques for climate change adaptation
This study conﬁrmed the ﬁndings of Xiong et al. (2010), which
indicates the feasibility of WSI  as a measure to maintain food pro-
duction and save water. Compared with other research, our study
estimates a much lower WSI  investment cost for adapting to cli-
mate change (US$ 0.14–0.61 billion per year) (Table 8). There are
three main reasons for this discrepancy. Firstly, climate change
risks are uncertain (IPCC, 2007a,b), and different studies use dif-
ferent assumptions regarding future climate change. This study
assessed adaptation costs and effects under current climate condi-
tions. Secondly, different assumptions and methods were used to
estimate adaptation costs (Agrawala and Fankhauser, 2008). Majorbased on the World Bank method (2006). This takes the fraction of
current investment that is climate sensitive and applies a ‘mark-up’
factor to this fraction to reﬂect the cost of ‘climate-prooﬁng’ (Parry
 represents a measure. The vertical coordinate that the horizontal line corresponds
e mitigation/adaptation potential of the measure.
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Table  7
Cost-effectiveness ratio of greenhouse gas mitigation from published studies.
Fields CER of mitigation (US$/t) Source
Large and medium-sized biogas 49.4 Su et al. (2002)
Agricultural  waste and coal co-ﬁred power generation 106.18–123.60 Luo et al. (2008)
Municipal solid waste incineration power generation 36.98–52.67 Yang and Ma  (2006), Hu et al. (2002)
Medium-sized biomass gasiﬁed power generation 22.47–26.54 He et al. (2006)
Biomass and coal co-ﬁred power generation 87.78–129.35 Ma  et al. (2006)
Wind  power 17.23 Ma  et al. (2006)
Biomass  cogeneration systems with integrated gasiﬁcation and combined cycle technology 57.3 Gustavsson and Börjesson (1998)
Natural-gas systems with decarbonization technology 95.45–114.54 Gustavsson and Börjesson (1998)
CO2 capture and storage options 27.3–40.9 Sims et al. (2003)
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Typical farming systems 
Mitigation approaches in the residential, commercial, transport and agricultural s
t al., 2009). The UNFCCC study was based on the IPCC (2007a,b)
1B scenario and used a top-down analytical approach. Our study
sed a bottom-up approach, and is based on the national WSI  devel-
pment plan from 2010 to 2020. Thirdly, previous studies have
ncluded more than one type of adaptation measure. For example,
he study by NACWA (2009) on water adaptation costs includes
ew water sources, sustainable water supply and extreme precip-
tation events. Our study focused solely on water-saving irrigation
echniques.
.3. Suggestions for the development of WSI  techniques based on
limate change response
Effective  response to climate change should include both miti-
ation and adaptation (IPCC, 2007a). So if both the mitigation and
daptation effects of WSI  techniques are considered, for each cubic
eter of water saved, 1.01 kg of CO2 emissions can be reduced by
I,  0.58 kg by CI, 0.57 kg by SI and 0.43 kg by LI. For each kilogram of
ncreased grain yield, 2.25 kg of CO2 emission can be reduced by MI,
.15 kg by SI, 0.97 kg by CI and 0.64 kg by LI. Overall, among the 4
SI  techniques assessed, MI  has the best effects when both mitiga-
ion and adaptation effects are considered. So in the development of
he WSI, MI  is strongly recommended for climate change mitigation
nd adaptation. It should be noted that SI and LI have larger effects
n grain yield increase and water conservation than CI, but when
itigation and adaptation are both considered, SI and LI are not
uperior because SI and LI incur additional energy needs to attain
 certain water pressure, and when the pumping head for pressure
s lower than the critical energy saving head, more energy will be
equired, thus causing more GHG emissions than with traditional
rrigation methods (Zou et al., 2012).
China is a developing country facing the challenge of cli-
ate change response while also pursuing sustainable economic
evelopment. The economic feasibility of climate change response
easures is of great importance. Cost-effectiveness analysis found
hat only CI has a negative cost, which was due to energy and water
ost savings. So in the long-term, investments in CI are the least-
ost option Currently, CI accounts for 42.40% of the total WSI  area
able 8
daptation costs from published studies.
Field T
For climate change by 2050, globally 
For climate change by 2030, globally 
For drinking and waste water services through 2050, US 
Cost of climate-prooﬁng FDI, GDI and ODA ﬂows 
Update, with slight modiﬁcation of World Bank (2006) 
Based  on World Bank, plus extrapolation of costs from NAPAs and NGO projects >
World  Bank, plus costing of PRS targets, better disaster response 
otes: FDI = foreign direct investment; GDI = gross domestic investment; ODA = ofﬁci
RS = poverty reduction strategy.13.6–27.3 Sims et al. (2003)
18.33–349.68 Neufeldt and Schäfer (2008)
 40.9–136.4 Metz et al. (2001)
in  China (MWR  PRC, 2011) and according to the “National Water-
saving Irrigation Program” by the end of 2020 the proportion of CI
will increase to 50% (MWR  PRC, 2008). However, there is a need
to also consider adaptation effectiveness, energy consumption and
GHG emissions. MI  performs better than CI in this regard. However,
sensitive analysis shows that MI  is most sensitive to the energy
price, and although water and energy prices can partly be deter-
mined by Chinese government policies, the energy price is strongly
inﬂuenced by international market prices, so the cost-effectiveness
of MI  is vulnerable to the impacts of global energy markets. This
suggests that a balanced development of CI and MI  should be con-
sidered.
Adoption of WSI  still faces considerable barriers in China. High
infrastructure investment costs, technical demands and stringent
operating conditions make it difﬁcult for farmers to deploy and
disseminate WSI  (Romero et al., 2006a,b; Srivastava et al., 2003;
Fang et al., 2010). Overcoming these barriers will require ﬁnance,
technology and capacity building support. According to the sen-
sitive analysis in this study, reducing the initial investment costs
of WSI  techniques will have the greatest effect on the proﬁtability
of investments. Under the current Chinese policy on WSI  devel-
opment, the government contributes the majority of ﬁnancial
investments, while farmers provide labor and limited capital where
possible (MWR  PRC, 2008). This practice has proven very effec-
tive in supporting dissemination of WSI  techniques and could be
transferred to other countries.
4.4.  Additional remarks
The  current study did not consider the economic costs and ben-
eﬁts of reuse of water saved by WSI  adoption. Because there is
a competition for water on larger scales, “losses” or saved water
from one location can be “sources” in another (Perry, 2011), and the
saved water could be used for expanding the irrigated area (IWMI,
2006). Assuming that 62.08% (i.e., the percentage of agricultural
water consumption in total national water consumption between
2007 and 2009) of saved water is used to expand the area under
irrigation, and assuming average water consumption per unit area
otal cost (109 US$) Annual cost (109 US$) Source
160–4360 4–109 World Bank (2009)
980–3420 49–171 UNFCCC (2007)
448–944 11.2–23.6 NACWA and AMWA  (2009)
45–205 9–41 World Bank (2006)
20–185 4–37 Stern (2006)
250 >50 Oxfam (2007)
430–545 86–109 UNDP (2007)
al development assistance; NAPA = National Adaptation Programme of Action;
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etween 2007 and 2009, the water saved through WSI  dissemina-
ion in 2009 was enough to irrigate an additional 5.70 (3.80–7.80)
illion ha. Such expansion would increase grain output by 22.04
14.68–30.15) billion tons and would emit 5.83 million tons of CO2.
owever, in practice there is large uncertainty about the sectors in
hich saved water is reused; investment costs and CO2 emissions
ssociated with water reuse will vary by sector and technology; and
eused water may  be saved and reused successively. Given these
ncertainties, we did not consider the reuse of the saved water in
his cost-effectiveness analysis.
Secondly, China is a large country with diverse geographical
nd economic conditions. Further experimental research on WSI
erformance is necessary to provide a broader evidence based on
erformance and costs under diverse conditions. Despite these
hortcomings of our analysis, this study provides a basis for priori-
izing WSI  measures and designing incentive programmes to cope
ith climate change.
.  Conclusions
Water-saving irrigation is a cost-effective measure to promote
daptation to and mitigation of climate change while pursuing sus-
ainable economic development. The main ﬁndings of this study
re:
1) Regarding the cost-effectiveness ratio of mitigation, only
channel  lining has a negative cost-effectiveness ratio (−43.02
to  −73.41 US$/tCO2), and the cost-effectiveness ratio of
the  other measures in descending order are: sprinkler
irrigation (476.03–691.64 US$/tCO2), low-pressure pipe
irrigation (67.61–206.88 US$/tCO2) and micro-irrigation
(109.47–162.98 US$/tCO2);
2)  Regarding the cost-effectiveness ratio of grain yield increase,
only  channel lining has a negative cost-effectiveness ratio
(−34.35  to −20.13 US$/t), and the cost-effectiveness ratio of
the  other measures in descending order are: micro-irrigation
(132.87–197.80 US$/t), sprinkler irrigation (63.38–92.53 US$/t)
and  low-pressure pipe irrigation (12.76–39.06 US$/t).
Regarding the cost-effectiveness ratio of reduced water
consumption, only channel lining has a negative cost-
effectiveness ratio (−0.020 to −0.012 US$/m3), and the
cost-effectiveness ratio of the other measures in descending
order are: micro-irrigation (0.069–0.089 US$/m3), sprin-
kler  irrigation (0.032–0.046 US$/m3) and low-pressure pipe
irrigation  (0.009–0.026 US$/m3);
3) Therefore, when ﬁnancial resources are available, micro-
irrigation is preferred for mitigation and adaptation. Channel
lining  has the lowest (negative cost), and also has notable
mitigation and adaptation beneﬁts, so from the economic per-
spective  channel lining is recommended. In some districts with
pumping  heads lower than the critical energy saving head,
sprinkler  irrigation and low-pressure pipe irrigation should be
avoided in order to avoid increasing greenhouse gas emissions.
Further research should be undertaken to better understand
he performance of water-saving irrigation measures in different
nvironmental and economic conditions throughout China.
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